Small, biocompatible and water-soluble molecules with moderate two-photon absorption (2PA) crosssection values (s) are in extreme demand for specific bioimaging applications. Herein, two novel imidazole-pyrimidine hexafluorophosphate derivatives (6P and 10P) are efficiently synthesized through improved Knoevenagel condensation and Ullmann reactions with high yield. Based on systematic photophysical investigations and theoretical calculations, the structure-property relationships indicate that the different donor groups have large influences on their optical properties. The 2PA cross-section values (s) are obtained both by Z-scan and two-photon excited fluorescence (2PEF) measurements. It is found that the two-photon absorption cross section values (s) in the near-infrared region are significantly enhanced for 6P and 10P, which confirms that these small molecules display a suitable turn-ON fluorescence response for two-photon fluorescence microscopy (2PFM). Comprehensively considering the high solubility of the introduced hexafluorophosphate group, 6P and 10P possess high specificity for mitochondrial localization, showing a temperature-independent pathway, possibly passive infusion, which is advantageous in comparison with the commercially available mitochondrial trackers. Due to their low cytotoxicity, these small molecules offer a promising platform to directly monitor the intestinal system in live zebrafish larvae.
Introduction
Two-photon excitation (TPE) has particular practical signicance because of the development of highly efficient two-photon absorbing (TPA) materials and their applications. 1 The recent technologies that can exploit small molecular materials with the two-photon absorption (2PA) property have signicantly been applied in the areas of chemistry, biology and photonics, such as three-dimensional micro-fabrication, high capacity data storage, 2 optical limiting, two-photon laser scanning uorescence imaging, 3 and photodynamic therapy. 4 Therefore, considerable research efforts have been devoted to develop novel small molecule materials with strong 2PA activity for the last decade. One of these important applications is the two-photon uorescence imaging 5, 6 of living cells, which includes the imaging of various organelles, such as the lysosome, 7 endoplasmic reticulum, 8 Golgi apparatus, 9 and mitochondria.
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It should be noted that pyrimidine derivatives have been intensively investigated as nonlinear optical materials 11-14 owing to the planarity they provide. Recently, several TPA chromophores utilizing pyrimidine as an electron-withdrawing central core substituent have been synthesized, and fairly good TPA cross section values have been measured for them. 15 Moreover, pyrimidine is found in various natural products that are the important constituents of a number of modern drugs. It exhibits adequate safety, tolerability and clinical efficacy proles in preclinical and clinical trials. 16 The introduction of exible ether chains and ethoxyphenyl triphenylamine can not only increase the solubility of this molecule, but also enhance the electron-donating property of the amino group. On the other side, an issue of primary importance is the solubility of products in several common organic solvents and water. Herein, we demonstrate that hexauorophosphate can be solubilized in DMSO/water.
Considering the abovementioned design strategy and based on our previous study, 15, 16 a series of new D-p-A type 2-imidazolyl-4(6)methyl-pyrimidine hexauorophosphates (6P and 10P) is designed (Fig. 1) . The 2PA cross-section values (s) are obtained both by Z-scan and two-photon excited uorescence (2PEF) measurements. The N,N-bis(4-ethoxyphenyl)aniline groups and ethoxyphenyl triphenylamine groups have rich p-electron densities. The imidazolium and hexauorophosphate groups can increase the water solubility of the molecules in DMSO-H 2 O systems, as well as enhance the extent of electron delocalization and ability of the 2PA chromophore to accept electrons. This, in turn, enables the use of biological-friendly solvents (e.g. PBS) in later long-term live cell experiments. 17 Relying on their comprehensive studies, 6P and 10P were selected for a bioimaging study using two-photon scanning microscopy. The bioimaging results show that 6P and 10P would target mitochondria with monitoring of the uorescence signals for a long period of time (0-150 s), and they are capable of specically monitoring the uorescent signals in the intestinal system of living zebrash. These results suggest that 6P and 10P could be potentially applied as 2PA probes for in vivo and in vitro imaging.
Results and discussion

Synthesis
As shown in Fig. 1 and Schemes S1 and S2, † 6P and 10P were prepared by the Ullmann reaction using imidazole and 2-iodide-4-methyl-pyrimidine et al. in the presence of t-BuOK, which afforded the title product in over 80% yield.
15 EX-6 and EX-10 were synthesized by the Witting reaction. 15, 16 The details of the synthesis and characterization data are given in the Experimental section. All compounds were characterized by elemental analyses, IR, MOLDI-TOF-MS and NMR spectral techniques. Fig. 2 gives straightforward representations of the electron density distribution of 10P. Orbital analysis exhibits that the highest occupied molecular orbital (HOMO) is comprised of p orbitals localized on the benzene and vinyl groups. Moreover, the lowest unoccupied molecular orbital (LUMO) is localized in the pyrimidine orbitals with abundant conjugated p-bridges. Thus, there are relatively strong p-donor interactions between the ethoxyphenyl triphenylamine group and the pyrimidine center. As shown in Fig. 2 and 3 , the lowest energy absorption band can be assigned to ICT between the nitrogen atom of the amino group and the pyrimidine ring. Basically, the calculated singlet-singlet transitions in 10P are in reasonable agreement with the experimental l ab in the absorption bands observed (Fig. 4) .
Theoretical calculations
Linear absorption and single-photon excited uorescence (OPEF)
The photophysical properties of all the compounds are summarized in Table 1 . The linear absorption spectra of 6P and 10P are shown in Fig. 3(a) , from which it can be seen that 6P and 10P exhibit low energy bands between 400 and 450 nm; they originate from the p-p* transition and mix with the intramolecular charge transfer (ICT), as conrmed by TD-DFT calculations (Fig. 2) . As an example, TD-DFT computational studies were performed to further explain the electronic structures of the ground state of 10P. The TD-DFT {[6-31G(d)]} calculations indicate that the low energy transition presents marked charge transfer (CT) character, with the HOMO and the LUMO being mainly located on the exible ether chains (denoted as p D ) and phenyl unit (denoted as p As shown in Fig. 3 , weak solvatochromism is observed in the absorption bands, which indicates that there is a slight difference in dipoles between the ground state and excited state of the chromophores. Moreover, the maximum absorption bands (l max ) of the compounds, shown in Fig. 3(a) , display slightly negative solvatochromism because of the opposite polar forms in the ground and excited state. Upon increasing the solvent polarity, the uorescence spectra of 10P show a red shi, together with a monotonically increasing tendency in the Stokes shi, which can be explained by the fact that the excited state may possess higher polarity than the ground state since solvatochromism is associated with a lowering of the energy levels, and an increased dipoledipole interaction between the solute and solvent leads to symmetry breaking ( Fig. 3(b) and Table 1 ). In addition, 6P exhibits strong uorescent intensity compared with 10P by changing from a exible ether oxygen chain to the ethoxyphenyl triphenylamine group, which resulted from the fact that N,N-bis(4-ethoxyphenyl)aniline group (rather than ethoxyphenyl triphenylamine group), owing to delocalization of the p electrons onto the N,N-bis(4-ethoxyphenyl)aniline, as an appropriate electron-donating group can improve the ICT. The stronger donor and acceptor group combined together in 10P may cause an energy loss in the excited state vibration to quench the uorescence, resulting in a lower uorescence quantum yield compared with 6P. This emission spectral change can be reversed by cooling the solution from room temperature to 80 K. At 80 K, the yellow-green emission is vibronically structured, with peak maxima at 578 (6P) and 559 nm (10P), upon reducing the temperature from 220 to 80 K, the yellow-green emission increases and a blue shi (l max ¼ 575 nm, 10P) becomes apparent. The increase in the intensities of the bands upon lowering the temperature implies that there is a thermally activated non-radiative decay pathway that becomes less signicant at reduced temperatures. 20 At temperatures above 140 K, 6P and 10P are non-emissive in 2-MeTHF uid solution, presumably due to the efficient non-radiative decay arising from the molecular motion of the exible ether oxygen chain to the ethoxyphenyl triphenylamine group. The non-radiative decay decreases as the temperature decreases, and at temperatures below 140 K, both yellow-green emissions start to develop in the more polar 2-MeTHF glassy solutions. We suggest that the non-radiative decay of the 3pp* excited state has a stronger temperature dependence than that of the excimeric 3pp* excited state. 21 
Fluorescence lifetime and quantum yield
To gain more insight into the radiative and nonradiative decay processes of 6P and 10P, we also conducted lifetime experiments (Table 1) . With an increase in the polarity of the solvents, the uorescence lifetimes of the compounds increase generally. This can be explained by the stronger solute/solvent interaction at the excited state compared with that at the ground state, which indicates that the increasing polarity of the excited state increases. The energy level can be lowered greatly by increasing the dipole-dipole interaction between the solute and solvent. The quantum yields (F) of the compounds 6P and 10P in different solvents were determined using uorescein as a standard. As shown in Table 1 , the quantum yields of 10P decrease generally as the polarity of the solvent increases except in EtOH and DMSO. Note that the quantum yields of 10P obtained in EtOH are smaller than that in DMSO because of the negative solvatochromism effect due to opposite polar forms in the ground and excited states. 22 On the contrary, for 6P, the quantum yield decreases generally with solvent polarity, exhibiting a positive solvato-kinetic effect, which could be explained by the fact that the hydrogen bonds consume some energy from the excited state molecules. Two-photon excited uorescence (2PEF) and two-photon absorption (2PA)
As shown above, moderate uorescence was detected in 6P; however, 10P may cause energy loss in the excited state vibration to quench the uorescence. Accordingly, we have investigated the two-photon absorption properties of 6P and 10P by using 2PEF and Z-scan methods. 
Two-photon excited uorescence (2PEF)
The two-photon uorescence spectra of 6P in six organic solvents with c ¼ 0.1 mM were measured from 700 to 900 nm with an interval of 10 nm and a pulse duration of 140 fs under 300 mW. Fig. S1 † shows the log-log plot of the excited uo-rescence signal versus excited light power. It provides direct evidence for the squared dependence of excited uorescence power and input laser intensity upon excitation with a tunable property in this range. Therefore, it should be surely assigned to 2PEF. In Fig. S2 and S3, † the 2PEF spectra of 6P exhibit a broad emission band with an evident red shi compared to its OPEF spectra, which can be explained by the re-absorption effect. The short wavelength side of the two-photon uorescence was reabsorbed by the solution and red-shis of the uorescence spectra were readily observed.
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The action 2PA cross sections (Fs) of 6P in different solvents (Fig. 5) show that the largest action 2PA cross sections of 6P in various solvents are all located in the NIR region, and 6P has the largest action 2PA cross section in DCM ($200 GM) and also a moderate value in DMSO ($90 GM) at the wavelength of 780 nm. Clearly, the polarity of the solvent and the excitation wavelength has a signicant inuence on the action two-photon absorption cross section. Compared to the previous chromophores derived from pyrimidine, 15, 16, 24, 25 small changes in the structure may have important implications in terms of molecular engineering for specic applications because the 2PA properties (in terms of cross sections, position of the maximum, and bandwidth), as well as the one photon and the photoluminescence characteristics can be affected considerably. Increasing the branch number results in a pronounced enhancement of the 2PA cross sections in the NIR region, which may imply that extending the p-conjugation domain is accomplished by increasing the number of branches. The pyrimidine molecule based on a multi-branched vinylene could be a useful approach toward enhanced molecular 2PA properties. On the other hand, comparison of the 2PA properties reveals the relative efficiency of the cores. The values of Fs for 6P are smaller than L1, 16 understandably due to the acceptors linked to the cores. Fs decreases by ten times when the core is changed from imidazolyl to imidazolyl-hexauorophosphate. This indicates that the relative efficiency of the core in the D-p-A quadrupoles decreases in the order, imidazolyl > imidazolylhexauorophosphate, which is less prone to the ICT progress in the D-p-A system, leading to weak 2PA activity.
Third-order nonlinear optical properties (two-photon absorption (2PA))
Because 10P has no nonlinear absorption in DMSO, only its third-order optical nonlinearities of are presented. The excitation wavelength of 10P is 730 nm. The open aperture Z-scan curves are shown in Fig. 6(a) . Based on the Z-scan equations (in the ESI †), the values of s for 10P are given in Fig. 6(b) . Clearly, the 2PA cross section values s of 10P are 15 171 GM (DCM), 4428 GM (THF), 15 641 GM (EtOH), 847 GM (CH 3 CN), 951 GM (DMSO) and 266 GM (DMSO : H 2 O). These results reveal that 10P exhibits a discernible TPA spectral feature in different solvents, particularly in EtOH solution. Such a difference must be due to the varied substituent group of the pyrimidine-based chromophores, which may arise from the strong electron-donating and withdrawing effect of 10P. The solvent-dependence of the two-photon absorption cross section value was reported by Bazan et al. 26 and our group. 27 Generally, the maxima TPA cross-section values are observed in a solvent with intermediate polarity. 28 Considering the remarkable value of s, which is caused by its highly delocalized p-electronic conguration and large intrinsic polarizability, 10P is a good candidate as a third-order nonlinear optical material. Importantly, the strong third-order nonlinear optical response occurs within the near-infrared region, which encouraged us to further investigate its applications in biology.
We should point out that there was still an observed difference in the absolute values of the two-photon cross sections (s) obtained from the two techniques. The Z-scan method yields s directly from the experimental measurement, whereas the twophoton uorescence technique results in a quantity, twophoton excited action crosssection (Fs), which is simply the product of absolute s and the single-photon uorescence quantum efficiency. Thus, the two photon cross section values obtained by the Z-scan method could be overestimated compared to that obtained by the two-photon excited uores-cence method due to the fact that no inuence of uorescence quantum yield was considered in the measurement. 29 However, the results of s values obtained by the Z-scan method have a magnitude equal to that of the values obtained by the twophoton excited uorescence method. The reason for this may be attributed to the fact that an fs laser was used as the light source. Nevertheless, the trend of s values observed for these chromophores should still be valid.
With the abovementioned ndings, 6P and 10P bearing the modied imidazole-pyrimidine hexauorophosphate unit exhibit moderate two-photon cross sections located the near IR region in highly polar solvent and good solubility in the DMSO-H 2 O system, which encouraged us to further study their potential application in bioimaging.
Cell imaging and zebrash imaging MTT assay. Since high cell viability is essential for biological applications, a cytotoxicity test was run via the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazilium bromide (MTT) assay in HepG2 cells. Fig. S4 † demonstrates that aer over 24 hours incubation with 6P and 10P, high cell viability is obtained at concentrations between 20 mM and 100 mM. This result suggests that 6P and 10P exhibit low toxicity in living cells.
Cellular uptake properties. Cellular uptake is critical to the success of a compound as an intracellular probe. HepG2 cells, as a model, were incubated with 20 mM 6P and 10P for 30 min. The cells were then imaged using confocal microscopy aer washing with PBS (Â3). Fig. S5 † shows that 6P and 10P penetrate into the cell cytosol within a short incubation period and display intensive luminescence in both one-photon and twophoton channels; the signal is uniformly localized in the cytosolic OPAce and it is apparently excluded from the nuclear region. The bright eld micrographs show a good cell shape aer cellular internalization, which highly implies the toxicity of 6P and 10P.
A co-staining experiment using MitoTracker was performed to further determine whether 6P and 10P were internalized in membrane-rich organelle mitochondria (Fig. 7) . The uores-cence of 6P and 10P overlap with that of MitoTracker with a Pearson's coefficient Rr ¼ 0.992 and 0.998, respectively. This suggests that 6P and 10P localize to the mitochondria, which is essential for mitochondrial targeting probes.
To determine the possible mechanism of 6P and 10P cell entry, HepG2 cells were incubated with 20 mM 6P and 10P for 30 min at 4 C, washed and imaged directly. The low temperature micrographs (Fig. S6 †) present intensive cellular internalization, similarly with the result at 37 C. This conrms that 6P
and 10P are membrane permeable compounds and they enter cells via a temperature-independent pathway, possibly passive infusion rather than endocytosis, which is highly dependent on the temperature. Photobleaching stability experiment. Photostability is one of the most important criteria for developing uorescence imaging agents. The photostability of 6P and 10P were examined in comparison to the commercially available MitoTracker in living HepG2 cells via photobleaching experiments. As shown in Fig. 8 , no signicant changes in the uorescence intensity of 6P and 10P can be observed aer 150 s. On the other hand, aer successive irradiation at the same intensity, the uorescence of MitoTracker is signicantly bleached. The high photostability of 6P and 10P makes them favorable for long-term real-time tracking.
Internalization with larval zebrash model. Since 6P and 10P were successfully utilized as a convenient and noninvasive 2PA probe in living cells with superb photostability and cell permeability, we were motivated to evaluate their potential in small animal labeling. Zebrash 30 was chosen and its larval survival experiment was performed rst to ensure the low cytotoxicity of 6P and 10P for living vertebrate animals. Subsequently 6P and 10P-labeled anaesthetized larval zebrash was moved to TPFM to exam their precise location in the sh body under two-photon laser. As shown in Fig. 9 , strong uorescence can be observed in the intestine aer ve hours of incubation with 10 mM 6P and 10P respectively. This result indicates that these two chromophores can be easily ingested by zebrash in the water, and display good capability of living organism imaging using two-photon uorescence microscopy, in accord with their good two-photon uorescence properties. Two-photon microscopy in zebrash. All procedures involving animals were approved by and conformed to the guidelines of the Southwest University Animal Care Committee, College of Pharmaceutical Sciences. We have taken great efforts to reduce the number of animals used in these studies and also taken effort to reduce animal suffering from pain and discomfort.
Conclusion
In brief, two imidazole-pyrimidine hexauorophosphate derivatives with the D-p-A-p-D conguration have been synthesized using a convenient method. Their photophysical properties can be tuned by a simple modication of the electron-donating and electron-withdrawing groups, which correlate both experimentally and theoretically. Relying on typical structural and comprehensive spectral data, the following structure-property relationships can be drawn: (1) 6P shows moderate 2PA cross sections in the near-IR region using 2PEF measurements, which indicates that intramolecular charge transfer (ICT) has a different effect on the intensity of the OPEF and 2PEF, and the N,N-bis(4-ethoxyphenyl)aniline groups as electron donor units should play a major role in the 2PEF intensity. (2) 10P exhibits satisfactory two-photon absorption in the near-infrared range around 730 nm, with the introduction of ethoxyphenyl triphenylamine groups as auxiliary electron donors observed in a typical Z-scan measurement. (3) Importantly, the two unique imidazole-pyrimidine hexauorophosphates as two-photon ratiometric probes can be used for quantifying and imaging organelles in living cells and tissues. Their advantages of exclusive mitochondria staining of living cells, high signal ratio, excitation with NIR light, good photostability, as well as low cytotoxicity at imaging concentrations, promise potential applications of 6P and 10P in biological and biomedical research.
